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Payload Advantage — Mars 


> Nuclear electric propulsion delivers greater payloads than 

CHEMICAL PROPULSION AT THE EXPENSE OF TRIP TIME. 

> Specific impulse of 4000 s balances trip time with delivered payload. 

> Typical specific impulse for ion thrusters 

> More than twice the typical specific impulse of xenon Hall thrusters 


> Compared to ion thrusters, 

Hall thrusters offer benefits in 

TERMS OF VOLUME, MASS, AND COST 


The Question: 


How can Hall thrusters 

ACHIEVE HIGH-SPECIFIC IMPULSE 

AND long Lifetime? 


One (possible) answer: 


Krypton Hall thruster 


8,500 kg 


Payload Delivered 
to 300- km Mars Orbit 


Chemical 

Propulsion 

Option 

Nuclear Electric 
Propulsion Option 

Specific Impulse 

TripTime 



328 s 3,000 s 4,000 s 

9 mos 34 mos 45 mos 


5,000 s 6,000 s 

57 mos 64 mos 
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Krypton vs. Xenon 



Molecular Weight (g/mol) 


1 ST IONIZATION POTENTIAL (EV) 


Cost ($/l) 


Density (@ 1 90 bar, 340 K, kg/m 3 ) 


Xenon 

Krypton 

Relative to xenon... 

131 .3 

83.8 

tl SP , $T, Tlifetime 

(@ Constant Voltage and density) 

12.1 

14.0 

i Mass utilization efficiency, 
Imultiply-charged Ions (Tlifetime) 

$4.50 

$0.38 

^Qualification & On-orbit Costs 
T. Availability, Iprice Volatility 

1 .66 

0.67 

$ Storage tank mass/volume 
























The Krypton Efficiency Challenge 



Efficient krypton operation requires increasing the 


, WHICH IS AFFECTED BY SEVERAL DESIGN VARIABLES. 


i Wall losses 
Optimum B shape <4 
t Lifetime 4 
i Wall losses <4 
J, Wall losses 


► T Ionization 
4- 1 wall losses 
t Ionization 
4- 1 Ionization 
4- 1 Ionization ^ 


\ 

PERFORMANCE 

Thermal 

Stability 

Lifetime 

J 


The challenge is to achieve high-propellant utilization 

WITHOUT SACRIFICING THERMAL MARGIN, STABILITY, AND LIFETIME. 
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NASA’s Hall Thrusters 



power: 1 - 1 oo kw 


Thrust: 0. 1-3 n 


U: 1 000-5000 s 


Efficiency: 40-70% 


Propellant: xe, kr 

V J 


GRC-developed Hall thrusters have demonstrated efficient 

OPERATION OVER A WIDE RANGE OF CONDITIONS 
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Anode Efficiency 


Performance — Xenon vs. Krypton 


> AT CONSTANT CURRENT DENSITY, EFFICIENCY INCREASES WITH 
THRUSTER SIZE (POWER) 

> Compared to xenon, krypton efficiency is typically 5-1 5 % less 

> Both trends are primarily due to differences in the 


Xenon 




Krypton 



♦ NASA- 1 20M 
■ NASA-1 73 M 
a NASA-400 M 

• NASA-457 M 


1 000 2000 3000 4000 

Anode Specific Impulse (s) 


5000 
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Hall Thruster Efficiency 


BY ACCOUNTING FOR THE EFFECTS OF A MULTIPLY-CHARGED, PARTIALLY-IONIZED PLASMA, 

Hall thruster efficiency can be expressed as a function of the 

, AND UTILIZATION EFFICIENCIES. 


IHARGE- VOLTAGE- CURREN’ 


Anode efficiency 


Charge utilization efficiency 


Voltage utilization efficiency 


K = 



Current utilization efficiency 


Mass utilization efficiency 
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Electron current (A) 


Hall Thruster Efficiency (2) 


Electron current and utilization efficiencies can be computed if the 

FOLLOWING QUANTITIES ARE KNOWN! 

/ Anode efficiency - measured with thrust stand 

/LOSS VOLTAGE - MEASURED WITH RPA 

'/Ion species fractions - measured with ExB probe 



s 

\ 

XENON 


• Charge utilization • 

Mass utilization 

= 98-99% 

= 86-90% 

• Voltage utilization • 

Current utilization 

^ = 89-97% 

= 77-8 1 % J 


2 . 2 - 
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XENON 

l E CONSTANT WITH 
VOLTAGE ~2. 1 A 


500 600 700 

Discharge voltage (V) 


NASA-173Mv2 
10 mg/s 

-©- IC, oc 
-H-ITC 

-A- ITC, ETC 
IX ETC 



XENON 


NASA-173Mv2 
10 mg/s 

— O— Charge Utilization 
jj«C> Voltage Utilization 
—/V" Mass Utilization 

Current Utilization 
— 0— Anode Efficiency 


500 600 700 800 

Discharge voltage (V) 






Plasma Diagnostics in Vacuum Facility 1 2 
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NASA- 1 73MV2 OPERATING CONDITIONS 


NASA" 1 73MV2 HALL THRUSTER 

— Magnetic circuit optimized for high-Isp 

— Designed for xenon 
Xenon conditions 


— 800 V, 9.84 A 

— 1 0 MG/S ANODE, 1 MG/S CATHODE 

— Thrust 324 mN 

— Anode Isp 33 1 0 s (Total Isp = 3000 s) 

— Anode efficiency 66.7% (Total Efficiency= 59.6% ) 
Krypton conditions 

— 800 V, 8.27 A 

— 6.4 MG/S ANODE, 0.64 MG/S CATHODE 

— Thrust 2 1 5 mN 

— Anode Isp 34 1 0 s (Total Isp = 3 1 00 s) 

— Anode efficiency 54.7% (Total Efficiency = 48.8%) 





( 

Constant 

Neutral 

density 

V 
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NASA-1 73MV2 — XENON VS. KRYPTON 


Vd = 800 V 

Xenon 

Krypton 

LOSS VOLTAGE (V) 

25 

64 

Species Fractions (%) 

88, 1 1, 1 

96.1 , 3.4, 0.5 

Divergence Angle (degrees) 

61 ° 

o 

I s * 

CD 

Breathing-Mode Frequency (kHz) 

25 

31 

Oscillation Magnitude (% of I d ) 

15 

14 

Electron Current (A) 

2.09 

2.04 
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NASA- 1 73MV2 — XENON VS. KRYPTON EFFICIENCIES 



VD = 800 V 


1 0.5% DECREASE 
in Mass 

UTILIZATION 
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Conclusions 


The krypton-fueled Hall thruster offers the possibility of high- 
specific IMPULSE AND LONG LIFETIME 

NASA’S SERIES OF HALL THRUSTERS HAVE DEMONSTRATED KRYPTON 
EFFICIENCIES ONLY 5 - 15 % LESS THAN XENON 
— Larger thrusters have smaller differences in efficiency 

Plasma measurements have demonstrated that efficiency is reduced 

DUE TO A DECREASE IN MASS UTILIZATION 


Current efforts are considering the implications of these results, 




